Introduction {#sec1_1}
============

Hearing impairment is one of the most common human sensory defects, affecting approximately one in 1,000 children at birth or during early childhood (prelingual deafness) \[[@B1]\]. The impairment can be attributed to genetic causes in more than half of the cases, which are clinically and genetically heterogenous \[[@B2]\]. Hereditary hearing loss is classified into syndromic and non-syndromic forms. The syndromic form seems to account for 30% of genetic deafness. Over 400 genetic syndromes that include hearing loss have been described \[[@B3],[@B4]\]. The modes of inheritance of non-syndromic hearing loss are autosomal recessive (77%), autosomal dominant (22%) and X-linked (1%), while \<1% is mitochondrial \[[@B4]\]. In general, the autosomal recessive subtype manifests with prelingual onset of severe to profound hearing loss, with all frequencies affected. The hearing loss seems to be less severe in the autosomal dominant form, whereby the onset is usually postlingual, and the loss ranges from moderate to severe \[[@B5]\].

Several genes have been mapped for autosomal recessive non-syndromic sensorineural hearing loss \[[@B6]\]; 50% of patients with autosomal recessive non-syndromic hearing loss have mutations in *GJB2*\[[@B7]\]. The other 50% of cases are attributed to mutations in numerous other genes, many of which have been found to cause deafness in only one or two families \[[@B8]\]. The two most commonly reported mutations were in the gene encoding connexin 26 and 30 (Cx26 and Cx30) \[[@B1]\].

Cx26, which is highly expressed in the supporting cells of the cochlea, belongs to a family of transmembrane proteins forming gap junction channels \[[@B9],[@B10],[@B11],[@B12],[@B13],[@B14]\]. Gap junctions were first characterized by electron microscopy as regionally specialized structures on plasma membranes of contacting adherent cells. GJB2 is a human gene encoding for gap junction protein, beta 2, 26 kDa, or Cx26. Defects in this gene can lead to the most common form of congenital deafness, DFNB1, also known as Cx26 deafness or GJB2-related deafness. It was reported that the most important locus for non-syndromic autosomal recessive deafness was originally assigned to chromosome 13q11 by linkage analysis in two consanguineous Tunisian families. Mutations in the gene encoding Cx26 (GJB2) were subsequently identified as genetically linked to 13q11 in three Pakistani pedigrees\[[@B15]\]. The GJB2 gene was soon confirmed to be a major contributor to non-syndromic autosomal recessive and prelingual deafness in Caucasian populations \[[@B7]\].

Mutations in GJB2 account for about 50% of all congenital cases of hearing impairment. Three mutations in GJB2 (35delG, 167delT and 235delC) are particularly common in specific populations (Caucasoid, Jewish Ashkenazi and Oriental, respectively), leading to carrier frequencies between 1 in 30 and 1 in 75 \[[@B16]\]. Esmaeili et al. \[[@B6]\] reported that more than 90 different mutations in GJB2 and only two mutations in GJB6 (Cx30) have so far been reported associated with autosomal recessive non-syndromic sensorineural hearing loss. The most common GJB2 mutation, 35delG, has been reported among Caucasians, with a carrier frequency of 2-4%. This mutation is a single, base pair deletion which truncates a series of 6Gs (guanines) extending from position 30-35. However, 10-50% of the patients with GJB2 mutations have only one mutant allele, resulting in the hypothesis that there could be other mutations in the DFNB1 locus outside the GJB2 gene responsible for autosomal recessive non-syndromic sensorineural hearing loss. These GJB2 gene mutations have not been reported in Kuwaitis. Therefore, the objective of this study was to investigate the Cx26 gene mutation among Kuwaiti autosomal recessive non-syndromal hearing loss patients and evaluate its effect on phenotypes.

Subjects and Methods {#sec1_2}
====================

Ethical Approval and Patients {#sec2_1}
-----------------------------

Approval for the study was obtained from the administration at the Audiology Outpatient Department of the Sheikh Salem Al-Ali Centre for Audiology and Speech. Since all of the patients were ≤18 years of age, an informed consent was signed by the patient\'s parents after the study was described to them. The parents were informed that the participation of their children in the study was not obligatory, and that a decision not to participate in the study would not affect the course of treatment of their children.

A cross sectional study of 100 Kuwaiti patients of both sexes, aged between 6 months and 18 years, referred for audiology and speech evaluation from ENT, paediatrics and genetics clinics during the period between September 2005 and November 2007 were included in this study. Autosomal recessive non-syndromic sensorineural hearing loss was confirmed among the selected patients by family history, pedigree study, clinico-genetic evaluation and a battery of diagnostic tests. All patients were evaluated clinically and genetically. A form that included all relevant data such as name, gender, age, parental age, consanguinity, preconception, first and second trimester histories, gestational age, mode of delivery, clinical examinations, genetic background, pedigree study and results of investigations was completed by one of the authors (M.K.). An otoscopic examination for each patient was performed. A full battery of audiologic evaluations was conducted including pure tone audiometry (PTA) for children older than 5 years using Amplaid 455 with headphones TDH39, behavioural observational audiometry for children younger than 5 years, immittancemetry examination including tympanometry, acoustic reflex threshold using Amplaid model 755, transient evoked otoacoustic emission (TEOAE) using click stimulus (non-linear; ILO 92 otoacoustic emission otodynamic analyzer) and auditory brainstem evoked response (ABR) using click stimulus for threshold detection (Amplaid model 12 with TDH 39 headphones).

Molecular Study {#sec2_2}
---------------

Venous blood samples (5 ml) were drawn from the patients in an EDTA tube, and genomic DNA was extracted using a DNA extraction kit (QIAamp DNA Mini Kit, Cat. No. 51306, Qiagen, Valencia, Calif., USA) following the manufacturer\'s instructions. Allele-specific PCR amplification of genomic DNA was performed for the detection of the most common mutations of Cx26 using mutation-specific PCR primers for rapid screening of cases and carriers. The coding region and the adjacent intronic sequences of exon2 of the Cx26 gene were sequenced. Three primers, one common reverse, one forward normal and one forward mutant were used in two separate PCR reactions for each mutation detection using 100 ng of DNA, 200 μ[M]{.smallcaps} dNTPs, 0.5 U Taq polymerase and 2.5 pmol of the common primers. Samples were denatured at 95°C for 5 min, followed by 30-35 cycles at 95°C for 40 s, 60°C for 30 s and 72°C for 30 s. PCR products were analysed by electrophoresis in 1.5% agarose gel containing ethidium bromide.

Direct sequencing was performed on the samples. Allele-specific PCR was started in order to reduce the number of patients undergoing direct sequencing. PCR amplification of genomic DNA was performed with 40 ng of human DNA in each of four 8.4 µl PCR reactions containing 1.25 µl PCR buffer (100 m[M]{.smallcaps} TRIS-HCL pH 8.8, 500 m[M]{.smallcaps} KCL, 15 m[M]{.smallcaps} MgCl, 0.01% w/v gelatin), and 200 m[M]{.smallcaps} of dATP, dCTP, dGTP and dTTP.

Samples were denatured at 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 52°C for 30 s and 72°C for 30 s. PCR products from the four reactions were combined and cleaned using a QIA quick PCR purification kit (Quiagen) according to the manufacturer\'s instructions. PCR products were sequenced by dye primer sequencing on an Applied Biosystems model 310 automated sequencer using the forward and reverse primers and internal primers 5′.

Statistical analysis was performed using SPSS version15.0. The χ^2^ test was used to assess the association among variables. p values \<0.05 were considered significant. When the validity of the χ^2^ test was violated due to small numbers, it was replaced by Fisher\'s exact test.

Results {#sec1_3}
=======

Of the 100 patients, 57 cases (57%) were familial (multiple affected family members), while the remaining 43 cases (43%) were non-familial (single/isolated). Rapidly progressing hearing loss was detected in 62 (62%) while 38 (38%) had slow progressive loss. Bilateral hearing loss was found in all of the cases. Prelingual onset was identified in 70 (70%) while postlingual onset was detected in 30 (30%). PTA revealed that the two categories of hearing loss most seen in both the right and left ears were 'severe to profound (71 to \>90 db)' and 'moderately severe (56-70 db).' The configuration of hearing loss was of 'flat' category in 74 patients (74%). Tympanogram showed that 70 (70%) of the patients were present in the category 'A', while ABR showed that 68 and 65% of the cases were in the category 'absent' for the right ear and left ear, respectively. TEOAE results demonstrated that 100% of the cases were under the category 'fail' for both ears.

Of the 100 patients, mutation of Cx26 gene was detected in 15 patients (15%), 9 (60%) of which were heterozygous and 6 (40%) were homozygous. The remaining 85 patients were negative for mutation Cx26. Of the 15 Cx26-positive cases, 12 (80%) resulted from 35delG mutation. Of the 9 heterozygous cases, 6 (66.6%) were positive for 35delG while 3 (33.3%) were positive for c.71G\>A mutation. All 6 homozygous cases were positive for 35delG mutation. Studying the relationship between the disease course and the genotype revealed significant correlation (p = 0.033). Among the heterozygous group, 66.6% demonstrated a slowly progressive hearing loss, while 100% of the homozygous group demonstrated a rapidly progressing hearing loss (table [1](#T1){ref-type="table"}).

A similar trend was observed relative to the onset of hearing loss; 66.7% of the heterozygous group had a postlingual onset, while 100% of the homozygous group had a prelingual onset (p = 0.015). The 'flat' category of the configuration of hearing loss was observed in 46.66% of the mutation-positive patients (p = 0.001).

Discussion {#sec1_4}
==========

In the present study, the frequency of Cx26 35delG gene mutation of 15% is similar to that found in some studies of different ethnic groups \[[@B2],[@B17],[@B18],[@B19]\]. However, the prevalence of the Cx26 35delG gene mutation is quite variable in other studies performed elsewhere \[[@B19],[@B20],[@B21],[@B22],[@B23],[@B24]\]. These studies have shown that the percentage of patients from different ethnic groups who have autosomal recessive non-syndromic sensorineural hearing lossdue to 35delG mutation ranges from as high as 95.2% in Greeks \[[@B19]\] to 10% in Egyptian patients. The homozygous mutation of this study (100%) was higher than the 63% among Greek patients with autosomal recessive non-syndromic sensorineural hearing loss and the 8% in Egyptian patients \[[@B19],[@B20],[@B21],[@B22],[@B23],[@B24]\]. The presence of heterozygous Cx26 35delG gene mutation among the patients with hearing loss in this study could be due to the existence of other double heterozygous genes not included in the screening scope. Alternatively, a non-genetic or environmental factor could be the cause of hearing loss among heterozygous patients. Therefore, all heterozygous deaf patients detected in the present study should be re-evaluated, tested or screened for the presence of other mutations of Cx26 (ex. 1 or 2) or any other gene causing hereditary deafness since the possibility of compound heterozygous cannot be excluded \[[@B2],[@B3],[@B4],[@B25]\].

The degrees of sensorineural hearing loss found in this study were severe to profound among the homozygous group and mild to moderate and severe to profound among the heterozygous group; higher than those in previous studies \[[@B26],[@B27]\]. Regarding configuration, the present study revealed that the most prevalent configuration of hearing loss was the 'flat' type while Liu et al. \[[@B27]\] found residual/sloping and, to a lesser extent, the flat type. Familial cases with sensorineural hearing loss had 35delG mutation, thereby demonstrating a strong positive family history of hearing loss different to other findings \[[@B19],[@B20],[@B28]\]. However, our findings regarding prelingual, bilateral, symmetrical and severe to profound hearing loss with a wide variability in the extent of the loss are similar to other studies \[[@B17],[@B18],[@B19],[@B20],[@B21],[@B22],[@B23],[@B24],[@B25],[@B26],[@B27],[@B28],[@B29]\]. Orzan et al. \[[@B19]\] reported that the mutation in the Cx26/GJB2 gene accounts for a large proportion of prelingual hearing impairment with a prevalence up to 50% in autosomal recessive cases and a still undefined prevalence in sporadic cases. The presence of postlingual hearing loss cases in the present study could be due to apparent identification by the patient\'s parent that their child suffers from hearing loss. Approximately 50% of autosomal recessive non-syndromic hearing loss can be attributed to the disorder DFNB1, caused by mutations in *GJB2* (which encodes the protein Cx26) and *GJB6* (which encodes the protein Cx30). The carrier rate in the general population for a recessive deafness-causing *GJB2* mutation is approximately 1 in 33 \[[@B29]\].

In the general population, the prevalence of hearing loss increases as the infant grows. This change reflects the impact of genetics and the environment, and also interactions between environmental triggers and an individual\'s genetic predisposition, as illustrated by aminoglycoside-induced ototoxicity middle ear effusion, and possibly otosclerosis.

Regarding the ABR results in this study, the highest percentage was seen in the 'absent response' category in the homozygous group, and to a lesser extent in the heterozygous group. These results were consistent with the degree of hearing loss (PTA results). Moreover, all the patients had a 'fail' response when TEOAE was performed, which again was consistent with the degree of hearing loss. When comparing the familial factor with the isolated one, the present study demonstrated a greater impact of the former in both the heterozygous and homozygous groups. All the patients had bilateral non-syndromic hearing loss, and the latter was of the rapidly progressive type in most of the cases. Iliades et al. \[[@B1]\] performed PTA on Austrian patients with non-syndromic hearing loss. The hearing loss in these patients was severe to profound. Similarly, Ramsebner et al. \[[@B30]\]conducted a study on 21 neonates with non-syndromic hearing loss. Mutations in GJB2 were found in 71.4% of the cases out of which homozygous 35delG mutation in GJB2 accounted for 47.6%.

Conclusion {#sec1_5}
==========

The Cx26 gene mutation occurred in 15% of the patients studied. The most common mutation (80%) was 35delG. The high percentage of marriages between relatives among Kuwaitis could be considered a factor in the development of hereditary hearing impairment. We recommend screening of Cx26 gene mutation in all patients with non-syndromic familial and sporadic permanent childhood hearing loss for counselling and management purposes. Further study and reassessment of patients with negative mutation as well as the heterozygous cases is highly recommended
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###### 

Correlation between genetic and clinical findings

  Clinical findings                Genetic findings (negative, n = 85; heterozygous, n = 9; homozygous, n = 6)                                                 
  -------------------------------- ----------------------------------------------------------------------------- ----------- ---------- ----------- ---------- ---------
  Degree of hearing loss (PTA)                                                                                                                                 
   Mild to moderately severe       9 (10.6)                                                                      2 (22.2)    0 (0.0)    11 (12.9)   2 (22.2)   0 (0.0)
   Mild to severe                  3 (3.5)                                                                       3 (33.3)    0 (0.0)    4 (4.7)     1 (11.1)   0 (0.0)
   Mild to profound                1 (1.2)                                                                       0 (0.0)     0 (0.0)    1 (1.2)     0 (0.0)    0 (0.0)
   Moderately Severe               22 (25.9)                                                                     3 (33.3)    0 (0.0)    17 (20.0)   4 (44.4)   0 (0.0)
   Moderately severe to profound   5 (5.9)                                                                       0 (0.0)     0 (0.0)    7 (8.2)     0 (0.0)    0 (0.0)
   Severe to Profound              45 (52.9)                                                                     1 (11.1)    6 (100)    45 (52.9)   2 (22.2)   6 (100)
                                   p = 0.013                                                                     p = 0.337                                     
                                                                                                                                                               
  *Acoustic reflex threshold*                                                                                                                                  
  1\. Ipsilateral                                                                                                                                              
   Preserved all                   8 (9.4)                                                                       3 (33.3)    0 (0.0)    6 (7.1)     2 (22.2)   0 (0.0)
   Preserved low/absent high       1 (1.2)                                                                       0 (0.0)     0 (0.0)    3 (3.5)     0 (0.0)    0 (0.0)
   Absent low/preserved high       1 (1.2)                                                                       0 (0.0)     0 (0.0)    1 (1.2)     0 (0.0)    0 (0.0)
   Elevated all                    5 (5.8)                                                                       2 (22.2)    0 (0.0)    4 (4.7)     2 (22.2)   0 (0.0)
   Absent all                      70 (82.4)                                                                     4 (44.4)    6 (100)    71 (83.5)   5 (55.6)   6 (100)
                                   p = 0.099                                                                     p = 0.332                                     
                                                                                                                                                               
  2\. Contralateral                                                                                                                                            
   Preserved all                   6 (7.1)                                                                       2 (22.2)    0 (0.0)    7 (8.2)     2 (22.2)   0 (0.0)
   Preserved low/absent high       1 (1.2)                                                                       0 (0.0)     0 (0.0)    1 (1.2)     1 (11.1)   0 (0.0)
   Absent low/preserved high       0 (0.0)                                                                       0 (0.0)     0 (0.0)    0 (0.0)     0 (0.0)    0 (0.0)
   Elevated all                    6 (7.1)                                                                       2 (22.2)    0 (0.0)    8 (9.4)     2 (22.2)   0 (0.0)
   Absent all                      72 (84.6)                                                                     5 (55.6)    6 (100)    69 (81.2)   4 (44.4)   6 (100)
                                   p = 0.250                                                                     p = 0.095                                     
                                                                                                                                                               
  ABR response                                                                                                                                                 
   Elevated                        30 (35.3)                                                                     5 (55.6)    0 (0.0)    27 (31.8)   5 (55.6)   0 (0.0)
   Absent                          55 (64.7)                                                                     4 (44.4)    6 (100)    58 (68.2)   4 (44.4)   6 (100)
                                   p = 0.086                                                                     p = 0.077                                     
                                                                                                                                                               
  TEOAE                                                                                                                                                        
   Pass                            0 (0)                                                                         0 (0.0)     0 (0.0)    0 (0)       0 (0.0)    0 (0.0)
   Fail                            85 (100)                                                                      9 (100)     6 (100)    85 (100)    9 (100)    6 (100)
                                   p = 0.05                                                                      p = 0.05                                      
                                                                                                                                                               
  Tympanogram                                                                                                                                                  
   A                               60 (70.6)                                                                     6 (66.7)    5 (83.3)   53 (62.3)   8 (88.9)   6 (100)
   B                               7 (8.2)                                                                       0 (0.0)     0 (0.0)    8 (9.4)     0 (0.0)    0 (0.0)
   C                               10 (11.8)                                                                     2 (22.2)    1 (16.7)   13 (15.3)   1 (11.1)   0 (0.0)
   As                              1 (1.2)                                                                       1 (11.1)    0 (0.0)    5 (5.9)     0 (0.0)    0 (0.0)
   Ad                              7 (8.2)                                                                       0 (0.0)     0 (0.0)    6 (7.1)     0 (0.0)    0 (0.0)
                                   p = 0.482                                                                     p = 0.62                                      

  Patient characteristics   Negative    Heterozygous   Homozygous   p value      
  ------------------------- ----------- -------------- ------------ --------- -- --
  Male                      41 (48.2)   2 (22.2)       4 (66.7)     0.202        
  Female                    44 (51.8)   7 (77.8)       2 (33.3)                  
  Age                                                                            
   \<6 years                36 (42.4)   4 (44.4)       1 (16.7)     0.559        
   6--10 years              31 (36.5)   3 (33.3)       2 (33.3)                  
  \>10 years                18 (21.1)   2 (22.2)       3 (50.0)                  
  Family history                                                                 
   Familial                 44 (51.8)   7 (77.8)       6 (100)      0.029        
   Sporadic                 41 (48.2)   2 (22.2)       0 (0.0)                   
  Course of hearing loss                                                         
   Rapidly progressive      53 (62.4)   3 (33.3)       6 (100)      0.033        
   Slowly progressive       32 (37.6)   6 (66.6)       0 (0)                     
  Onset of hearing loss                                                          
   Prelingual               61 (71.8)   3 (33.3)       6 (100)      0.015        
   Postlingual              24 (28.2)   6 (66.7)       0 (0.0)                   

  Configuration of hearing loss   Positive (n= 30)   Negative (n = 170)                       
  ------------------------------- ------------------ -------------------- ------------- -- -- --
  Flat                            14 (46.66)                              134 (78.82)         
  High frequency                  2 (6.66)                                13 (7.65)           
  Saucer shape                    4 (13.33)                               5 (2.94)            
  Steeply sloping                 4 (13.33)                               9 (5.29)            
  Left corner                     4 (13.33)                               9 (5.29)            
  Islands                         2 (2.66)                                0 (0.00)            
                                  p = 0.001                                                   

Values in parentheses are percentages.
